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ABSTRACT
Observations in the local universe show a tight correlation between the masses of su-
permassive black holes (SMBHs; MBH) and host-galaxy bulges (Mbulge), suggesting a
strong connection between SMBH and bulge growth. However, direct evidence for such
a connection in the distant universe remains elusive. We have studied sample-averaged
SMBH accretion rate (BHAR) for bulge-dominated galaxies at z = 0.5–3. While pre-
vious observations found BHAR is strongly related to host-galaxy stellar mass (M?)
for the overall galaxy population, our analyses show that, for the bulge-dominated
population, BHAR is mainly related to SFR rather than M?. This BHAR-SFR rela-
tion is highly significant, e.g. 9.0σ (Pearson statistic) at z = 0.5–1.5. Such a BHAR-
SFR connection does not exist among our comparison sample of galaxies that are not
bulge-dominated, for which M? appears to be the main determinant of SMBH accre-
tion. This difference between the bulge-dominated and comparison samples indicates
that SMBHs only coevolve with bulges rather than the entire galaxies, explaining the
tightness of the local MBH-Mbulge correlation. Our best-fit BHAR-SFR relation for the
bulge-dominated sample is logBHAR = log SFR − (2.48 ± 0.05) (solar units). The best-
fit BHAR/SFR ratio (10−2.48) for bulge-dominated galaxies is similar to the observed
MBH/Mbulge values in the local universe. Our results reveal that SMBH and bulge
growth are in lockstep, and thus non-causal scenarios of merger averaging are unlikely
the origin of the MBH-Mbulge correlation. This lockstep growth also predicts that the
MBH-Mbulge relation should not have strong redshift dependence.
Key words: galaxies: evolution – galaxies: active – galaxies: nuclei – quasars: super-
massive black holes – X-rays: galaxies
1 INTRODUCTION
One of the essential challenges of extragalactic astronomy
is to understand the connection between supermas-
sive black holes (SMBHs) and their host galaxies. It
is well established that the masses of SMBHs (MBH)
are tightly correlated with the stellar masses of host-
galaxy classical bulges (Mbulge) in the local universe
? E-mail: gyang206265@gmail.com (GY)
(the Magorrian relation; e.g. Magorrian et al. 1998;
Ferrarese & Merritt 2000; Gebhardt et al. 2000;
Ha¨ring & Rix 2004; Kormendy & Ho 2013). The intrinsic
scatter of the MBH-Mbulge correlation is only ≈ 0.3 dex
(Kormendy & Ho 2013). This tight correlation is sur-
prising considering that MBH is only a tiny fraction (a
few thousandths) of Mbulge. Therefore, some fundamental
connections between the growth of SMBHs and host-galaxy
bulges likely exist over cosmic history. These physical
connections are often termed as “SMBH-bulge coevolution”.
Tremendous observational efforts have been made to
© 2018 The Authors
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identify these mysterious connections. It has been found
that the cosmic evolution of SMBH accretion rate (BHAR)
density and star formation rate (SFR) density are broadly
similar, both peaking at z ∼ 2 (e.g. Aird et al. 2010, 2015;
Mullaney et al. 2012; Madau & Dickinson 2014; Ueda et al.
2014). However, from observations of active galactic nu-
clei (AGNs), the SFR is a relatively flat function of the
observed BHAR at a given redshift (e.g. Harrison et al.
2012; Rosario et al. 2013; Azadi et al. 2015; Stanley et al.
2015; Lanzuisi et al. 2017; Stanley et al. 2017; Dai et al.
2018). This apparent lack of a strong SFR-BHAR connec-
tion might be caused by AGN variability. While star forma-
tion activity is stable on time scales longer than ∼ 100 Myr,
SMBH accretion could vary strongly on much shorter time
scales (≈ 102–107 yr; e.g. Martini 2004; Kelly et al. 2010;
Novak et al. 2011; Sartori et al. 2018). An intrinsic connec-
tion between SFR and long-term average BHAR might be
hidden by this strong AGN variability.
To obtain long-term average BHAR, the ideal way is
to observe a galaxy for at least millions of years, which
is presently infeasible. Practically, it has been proposed
to adopt sample-averaged BHAR (BHAR) as a proxy of
long-term average BHAR (e.g. Chen et al. 2013; Hickox
et al. 2014). Indeed, a positive BHAR-SFR connection
has been observed (e.g. Chen et al. 2013; Hickox et al.
2014; Lanzuisi et al. 2017; Yang et al. 2017). However,
Yang et al. (2017) show, via partial correlation analyses
(PCOR), that BHAR is actually more strongly related to
host-galaxy total stellar mass (M?) than SFR (also see
Fornasini et al. 2018 for a similar conclusion). Their results
suggest that the apparent BHAR-SFR relation is only a sec-
ondary effect resulting from a primary BHAR-M? relation
and the star-formation main sequence. Yang et al. (2018b)
further show that once M? is carefully controlled, SMBH ac-
cretion is largely independent of the cosmic environment of
the host galaxies, consistent with previous AGN clustering
studies (e.g. Georgakakis et al. 2014; Leauthaud et al. 2015;
Mendez et al. 2016; Powell et al. 2018). Motivated by the
important role of M? in connecting SMBHs and host galax-
ies, Yang et al. (2018a) quantitatively derived the BHAR-
M? relation at different redshifts up to z = 4. Aided
by the stellar-mass history from Behroozi et al. (2013),
Yang et al. (2018a) predicted the typical MBH-M? relation
in the local universe. At the massive end (M? & 1011.2 M) of
their MBH-M? relation, their MBH/M? ratio is ≈ 1/500, simi-
lar to observed MBH/Mbulge values (e.g. Ha¨ring & Rix 2004;
Kormendy & Ho 2013). This agreement is expected, as the
bulge becomes dominant and Mbulge ≈ M? for massive galax-
ies.
Despite the BHAR-M? relation being generally sup-
ported by observations, it cannot straightforwardly explain
the tightness of the MBH-Mbulge correlation. The key to the
origin of the tight MBH-Mbulge correlation might be related
to the morphology of host galaxies, since MBH is only corre-
lated with the masses of classical bulges rather than other
galactic components such as pseudo-bulges or disks (e.g.
Kormendy & Ho 2013 and references therein). Therefore,
SMBH growth might be related to star formation activity
of the bulge only. To investigate this potential SMBH-bulge
coevolution, one should ideally study the relation between
BHAR and bulge SFR in the distant universe. However, with
current facilities, it is infeasible to separate the bulge SFR
from total SFR when disks are present. In this work, we
focus on a sample of bulge-dominated galaxies for which
bulge SFR ≈ total SFR. If SMBHs indeed coevolve with
host-galaxy bulges, we expect a strong correlation between
BHAR and SFR for these bulge-dominated galaxies over cos-
mic history.
Our bulge-dominated sample is selected from the Cos-
mic Assembly Near-Infrared Deep Extragalactic Legacy Sur-
vey (CANDELS) where deep HST H-band observations
are available (Grogin et al. 2011; Koekemoer et al. 2011).
X-ray emission is a robust tracer of SMBH accretion
(e.g. Brandt & Alexander 2015 and references therein). The
CANDELS fields also have deep Chandra X-ray observa-
tions, allowing us to estimate reliable BHAR for any given
sample of galaxies (e.g. Yang et al. 2017, 2018b).
This paper is structured as follows. In §2, we describe
the data used in this work and define our samples. In §3, we
perform data analyses and present the results. We discuss
our results in §4. We summarize our work and discuss future
prospects in §5.
Throughout this paper, we assume a cosmology with
H0 = 70 km s−1 Mpc−1, ΩM = 0.3, and ΩΛ = 0.7. We adopt
a Chabrier initial mass function (IMF; Chabrier 2003).
Quoted uncertainties are at the 1σ (68%) confidence level.
We express Mbulge, M?, and MBH in units of M, SFR and
BHAR in units of M yr−1. LX indicates AGN X-ray lumi-
nosity at rest-frame 2–10 keV and is in units of erg s−1.
2 DATA AND SAMPLE
Our analyses are based on the five CANDELS fields, i.e.,
GOODS-S, GOODS-N, EGS, UDS, and COSMOS (Gro-
gin et al. 2011; Koekemoer et al. 2011). All these fields
have multiwavelength observations from HST , Spitzer , and
ground-based telescopes such as Subaru and VLT. These
high-quality data sets allow for measurements of galaxy mor-
phology (§2.1), stellar mass (M?; §2.2), and star-formation
rate (SFR; §2.2). FIR observations from Herschel are also
available in these fields, enabling robust SFR estimation
based on cold-dust emission (§2.2). All of the five CAN-
DELS fields have Chandra X-ray observations from which
we derive BHAR (§2.4). We define our sample in §2.3 and
the sample properties are summarized in Tab. 1.
2.1 Morphology
Rest-frame optical/NIR light is essential for morphological
measurements (e.g. Conselice 2014). The HST H band, cen-
tered at ≈ 1.6 µm, can cover rest-frame optical/NIR wave-
lengths up to z ≈ 3. We adopt the H-band morphologi-
cal measurements in Huertas-Company et al. (2015a) that
are based on machine learning for CANDELS galaxies with
H < 24.5. The machine-learning technique is chosen to ap-
proximate visual morphologies from humans, and is trained
with a galaxy sample that has morphological measurements
performed by human classifiers (Kartaltepe et al. 2015). This
training sample has the same magnitude cut (H < 24.5) as
reliable visual morphological measurements are difficult at
fainter magnitudes. For each galaxy, the Huertas-Company
et al. (2015a) catalog provides five fractional numbers, i.e.,
fsph, fdisk, firr, fpt, and func. These fractions represent the
MNRAS 000, 1–18 (2018)
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Table 1. Summary of sample properties
Field Area Gal. # Spec./Photo. # Galaxy Ref. B.-D. (X) Comp. (X) X. Dep. X-ray Ref.
(1) (2) (3) (4) (5) (6) (7) (8) (9)
GOODS-S 170 1,504 727/777 Santini et al. (2015) 398 (100) 1,106 (241) 7 Ms Luo et al. (2017)
GOODS-N 170 1,855 391/1,464 Barro et al., in prep. 483 (71) 1,372 (168) 2 Ms Xue et al. (2016)
EGS 200 2,446 219/2,227 Stefanon et al. (2017) 591 (48) 1,855 (105) 800 ks Nandra et al. (2015)
UDS 200 2,128 254/1,874 Santini et al. (2015) 549 (42) 1,579 (75) 600 ks Kocevski et al. (2018)
COSMOS 220 2,369 10∗/2,359 Nayyeri et al. (2017) 603 (22) 1,766 (39) 160 ks Civano et al. (2016)
Total 960 10,302 1,601/8,701 – 2,624 (283) 7,678 (628) – –
Note. — (1) CANDELS field name. (2) Field area in arcmin2. (3) Number of galaxies in our M?-complete sample (§2.3). (4) Number
of spec-z/photo-z sources (§2.2). (5) Reference for CANDELS galaxy catalog. (6) & (7) Sample size of bulge-dominated and comparison
galaxies (§2.3). The number in parentheses means the sample size of X-ray detected sources. (8) X-ray depth in terms of exposure time
(§2.4). (9) Reference for X-ray catalog.
∗ Although there are more than 500 spec-z available in the CANDELS region of COSMOS, the latest version of the
CANDELS/COSMOS catalog is mostly based on photo-z. Future releases of the CANDELS/COSMOS catalog will adopt spec-z when
available (H. Nayyeri 2018, private communication).
probabilities that a hypothetical classifier would have voted
for a galaxy having a spheroid, a disk, and some irregular-
ities, being point-like and unclassifiable, respectively. Note
that the sum of the fractions might exceed unity, because,
for example, a galaxy might have both spheroidal and disky
features simultaneously.
A high func value indicates that the source might
be a spurious detection, e.g. the spikes of a bright star
being falsely detected as a source (see, e.g. Fig. 13 of
Huertas-Company et al. 2015a). Sources with high fpt value
might be stars or broad-line (BL) AGNs. Due to strong light
from the AGN central engine, morphology measurements
of host galaxies are unreliable for luminous BL AGNs (e.g.
§5.3 of Brandt & Alexander 2015). We exclude the ≈ 8%
of sources that have func or fpt greater than any of fsph,
fdisk, and firr. Upon visual inspection, the excluded sources
are indeed spurious detections or point-like. Morphological
measurements are challenging at high redshift and our work
probes up to z = 3. We discuss some possible redshift-related
effects on our results in §3.4.
2.2 Redshift, Stellar Mass, and Star Formation
Rate
We obtain redshift measurements from the CANDELS cat-
alogs (see Tab. 1). These measurements are spectroscopic
redshifts (spec-z) or photometric redshifts (photo-z). The
photo-z measurements are based on dedicated photometry
extracted with careful consideration of PSF sizes and
source shapes (e.g. Guo et al. 2013; Galametz et al. 2013).
Compared to the available spec-z, the photo-z shows
high quality, with σNMAD = 0.018 and an outlier fraction
of 2%.1 As in §2.1, we discard the 79 spectroscopic BL
AGNs reported in the literature (Barger et al. 2003;
Silverman et al. 2010; Cooper et al. 2012;
Newman et al. 2013; Marchesi et al. 2016; Suh et al.,
in prep.).
1 Here, σNMAD is defined as 1.48×median( |∆z−median(∆z)|1+zspec ), and out-
liers are defined as sources having |∆z |/(1 + zspec) > 0.15.
The CANDELS catalogs also provide stellar mass (M?)
and star formation rate (SFR) measurements from indepen-
dent teams. Following Yang et al. (2017), we adopt the me-
dian M? and SFR values from the five available teams (2aτ ,
6aτ , 11aτ , 13aτ , and 14a).2 Fig. 1 (top) shows M? as a func-
tion of redshift for H < 24.5 galaxies that have morpholog-
ical measurements (§2.1). We limit our analyses to a M?-
complete (corresponding to H < 24.5) sample (§2.3). The
limiting M? (Mlim) for H < 24.5 is also displayed in Fig. 1.
The Mlim-redshift curve is derived based on an empirical
method (e.g. Ilbert et al. 2013). We first divide our sources
into narrow redshift bins with width of ∆z = 0.2. For each
redshift bin, we calculate logM indlim = logM? + 0.4× (H − 24.5)
for individual galaxies in the bin. We then adopt Mlim as the
90th percentile of the M indlim distribution for the redshift bin.
The CANDELS M? and SFR are based on SED fit-
ting of rest-frame UV-to-NIR photometry using galaxy tem-
plates. As demonstrated by previous works (e.g. Luo et al.
2010; Yang et al. 2017; Kocevski et al. 2018), the rest-
frame UV-to-NIR light is often predominantly contributed
by galaxy component rather than the AGN component for
X-ray AGNs in the CANDELS fields. Also, we have re-
moved BL AGNs that might have strong AGN components
in their UV-to-NIR SED. Therefore, the AGN SED contri-
bution should not qualitatively affect our results (see §3.4
for other evidence).
The SED-based SFR estimation, which is physically
based on obscuration-corrected UV light, is reliable for low-
to-moderate levels (SFR . 100 M yr−1) of star-formation
activity. However, it tends to underestimate SFR in the
high-SFR regime, possibly due to strong dust obscuration
(e.g. Wuyts et al. 2011; Whitaker et al. 2017; Yang et al.
2017). To alleviate this issue, we adopt SFR from FIR
photometry of Herschel when available (Lutz et al. 2011;
Oliver et al. 2012; Magnelli et al. 2013). The photometry
has been extracted using Spitzer/MIPS 24 µm priors and
source-blending issues have been carefully addressed. The
2 For GOODS-N, only three teams are available (2aτ , 6aτ , and
14a) for now.
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FIR-based SFR is more robust than the SED-based SFR,
especially in the high-SFR regime (e.g. Chen et al. 2013;
Yang et al. 2017). Due to limited sensitivity, Herschel can
only detect sources with the highest SFR at a given red-
shift. There are five Herschel bands available for the CAN-
DELS fields, i.e., 100 µm, 160 µm, 250 µm, 350 µm, and
500 µm. We only utilize robust detections with S/N > 3. We
discard the 100 µm band at redshifts above z = 1.5, because
the observed 100 µm corresponds to rest-frame < 40 µm
which might be contaminated by hot-dust emission powered
by AGN activity. We adopt the reddest available Herschel
band to estimate SFR, since longer wavelengths are “freer”
from possible AGN emission. We calculate SFR from FIR
flux following the procedure in Chen et al. (2013) and Yang
et al. (2017). We first derive galaxy total IR luminosity (LIR)
from FIR flux based on the star-forming galaxy templates
of Kirkpatrick et al. (2012). We adopt the z ∼ 1 and z ∼ 2
templates for z < 1.5 and z ≥ 1.5 sources, respectively. We
then obtain SFR as
SFR
M yr−1
= 1.09 × 10−10 LIR
L
. (1)
Fig. 1 (middle) shows SFR (based on SED or FIR) as a
function of redshift for all H < 24.5 galaxies.
The comparison sample has a higher fraction of FIR-
based SFR measurements than the bulge-dominated sample
(32% vs. 9%), because the former generally has stronger
star-formation activity than the latter. To investigate
whether this difference in SFR measurements could bias our
results, we have tested cutting our z = 0.5–1.5 (z = 1.5–3)
sample at SFR < 10 M yr−1 (SFR < 101.5 M yr−1), below
which the SFR measurements are mostly SED-based (see
Fig. 1). Under these cuts, our results do not change quali-
tatively.3 We have also tested our results using SED-based
SFR only for the entire galaxy sample and our conclusions
still hold. It is well known that SFR measurements from
SEDs and the FIR do not always agree (e.g. Buat et al.
2010; Rodighiero et al. 2014), and Yang et al. (2017) found
that the statistical scatter between these two methods is
. 0.5 dex. This level of scatter is unlikely to be seriously
problematic to our statistical analyses (§3.2), since our SFR
bin sizes are typically & 0.5 dex. To verify this point, we
perturb our SFR measurements by 0–0.5 dex randomly and
our results below in §3 do not change qualitatively after the
perturbation. Yang et al. (2017) found the systematic offset
between SED-based and FIR-based SFRs is typically small
for the general galaxy population (≈ 0.2 dex), and this level
of systematic should not change our main conclusions con-
sidering our relatively large SFR bin sizes. However, Syme-
onidis et al. (2016) considered that, for strong AGNs, FIR-
based SFR might be systematically overestimated due to the
contamination of AGN-heated dust. To assess this potential
issue, we test our results by using SED-based SFR only for
strong AGNs (log LX > 43.5), and our results below do not
change qualitatively. Therefore, our main conclusions should
be robust against uncertainties of SFR measurements.
3 We cannot perform a similar test for high-SFR galaxies with
Herschel detections, because the sample size of Herschel-detected
sources is too small.
2.3 The Bulge-Dominated and Comparison
Samples
Our analyses are based on a bulge-dominated sample and a
comparison sample. In this Section, we detail the selections
of these two samples. We first select all H < 24.5 galax-
ies for which morphology measurements are available (§2.1).
As in §2.1 and §2.2, we exclude BL AGNs, stars, and false
detections. We then divide these galaxies into two redshift
bins, i.e., z = 0.5–1.5 and z = 1.5–3.0 for our analyses. The
relatively broad redshift bins are necessary to guarantee suf-
ficiently large samples for our statistical analyses (§3). We
have also tested on narrower redshift bins and found our
qualitative results do not change, although the statistical
scatter becomes larger due to reduced sample sizes. There-
fore, the two wide redshift bins (z = 0.5–1.5 and z = 1.5–3.0)
should not bias our results, and we adopt them throughout
this paper.
We select M?-complete samples for the two redshift
bins. The limiting M? at z = 1.5 and z = 3.0 are logM? ≈ 9.7
and logM? ≈ 10.2, respectively (see Fig. 1). Therefore, we
limit our analyses to logM? > 9.7 and logM? > 10.2 galaxies
for the low and high redshift bins, respectively. These M?
thresholds are below the characteristic M? of the stellar-
mass function (SMF), i.e., logM? ≈ 10.6 at z ≈ 0.5–3 (e.g.
Tomczak et al. 2014; Davidzon et al. 2017). The stellar-mass
density above these M? cuts is ≈ 90% and ≈ 70% of the to-
tal for the low and high redshift bins, respectively (calcu-
lated with the SMF in Behroozi et al. 2013). After applying
the M? cuts, our sample does not include dwarf galaxies
(logM? . 9.5). Aside from technical constraints, the exclu-
sion of dwarf galaxies is also motivated by our major sci-
ence goal, i.e. investigating the origin of the MBH-Mbulge re-
lation. Since the MBH-Mbulge relation is mostly established
for logMbulge & 10 (e.g. Kormendy & Ho 2013), we should
also focus on relatively massive galaxies rather than dwarf
galaxies.
The basic properties of the M?-complete sample
are summarized in Tab. 1. In the M?-complete sam-
ple, we classify a source as bulge-dominated if it sat-
isfies fsph ≥ 2/3, fdisk < 2/3, and firr < 1/10.
These empirical criteria are suggested by several pre-
vious studies (e.g. Huertas-Company et al. 2015b, 2016;
Kartaltepe et al. 2015). As indicated by these criteria, the
term “bulge-dominated” refers to galaxies that only display
a significant spheroidal component, without obvious disky
and/or irregular components. We note that different authors
may adopt different terminology for the bulge-dominated
galaxies (e.g.“spheroid-like”; e.g. Conselice 2014). If a galaxy
does not meet these criteria, we include it in our compari-
son sample, i.e., galaxies that are not bulge-dominated. The
bulge-dominated and comparison samples have ≈ 2,600 and
7,700 galaxies, respectively (see Tab. 1). Our analyses in §3
are based on these two samples.
In Fig. 2, we show some random H-band cutouts for
the bulge-dominated and comparison samples, respectively.
The fractions of bulge-dominated galaxies are both ≈ 25%
for the low and high redshift bins. Fig. 3 shows the fraction
of bulge-dominated galaxies as a function of M? and SFR,
respectively. At the high-M? end (logM? & 11), the bulge-
dominated fraction in the low-redshift bin is much higher
than that in the high-redshift bin (≈ 50% vs. ≈ 20%). This
MNRAS 000, 1–18 (2018)
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Figure 1. M?, SFR, and LX as a function of redshift for the bulge-dominated (left) and comparison (right) samples. The contours
encircle 68%, 90%, and 95% of all H < 24.5 galaxies, respectively. The red points represent X-ray detected sources. In the top panels, the
dashed curve indicates the M? completeness limit (§2.2). In the middle panels, the dashed curve indicates the SFR values above which
70% of sources have FIR-based SFR (§2.2).
is probably due to the fact that galaxy mergers/interactions
for massive galaxies are increasingly prevalent toward high
redshift, and thus galaxy irregularities are much stronger to-
ward the early universe (e.g. Conselice 2014; Marsan et al.
2018). The bulge-dominated fraction drops significantly to-
ward high SFR, indicating that bulge-dominated galaxies
tend to have low SFR. Similar trends have also been found in
previous studies (e.g. Huertas-Company et al. 2015b, 2016).
The underlying physical reason might be “morphological
quenching”, such that bulges can effectively suppress star
formation (e.g. Martig et al. 2009).
Fig. 4 displays the source distributions on the SFR-M?
plane for the bulge-dominated and comparison samples, re-
spectively. The bulge-dominated sample tends to lie below
the star-formation main sequence, while the majority of the
comparison sample appears to be on the main sequence.
However, we note that our morphological classification is
essentially different from a star-forming vs. quiescent classi-
fication. For example, the quiescent population in our sample
is made up of ≈ 55% bulge-dominated galaxies and ≈ 45%
comparison galaxies. While the main population of the com-
parison sample lies on the main sequence, there is a non-
negligible fraction (≈ 20%) of comparison galaxies lying sig-
nificantly (≈ 1 dex) below the main sequence. We have visu-
ally checked the HST cutouts of these low-SFR sources, and
found they appear to have significant disk/irregular compo-
nents. Therefore, the existence of such a low-SFR population
MNRAS 000, 1–18 (2018)
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among our comparison sample is likely intrinsic, and does
not appear to be caused by morphological misclassification.
2.4 Black Hole Accretion Rate
All five CANDELS fields have deep X-ray observations
from Chandra. Tab. 1 lists the X-ray depth and number
of X-ray detected sources for each CANDELS field. We
calculate BHAR contributed by both X-ray detected and
undetected sources, and thus the resulting BHAR should
cover essentially all SMBH accretion. This procedure al-
lows us to seamlessly analyze all sources in different CAN-
DELS fields which have different X-ray depths. We have
also repeated our analyses but without sources in COS-
MOS, which has X-ray depth much shallower than other
fields (see Tab. 1), and our results do not change quali-
tatively. For each X-ray detected source, we calculate LX
from the X-ray flux from the corresponding X-ray catalog
assuming a photon index of Γ = 1.7 (e.g. Yang et al. 2016;
Liu et al. 2017). Following Yang et al. (2018b), we choose, in
order of priority, hard-band (observed-frame 2–7 keV), full-
band (observed-frame 0.5–7 keV), or soft-band (observed-
frame 0.5–2 keV) flux to minimize X-ray obscuration ef-
fects. Indeed, Yang et al. (2018b) estimated that, under this
scheme of band choice, the X-ray flux decrease due to ob-
scuration is typically small (≈ 20%) for bright sources in
CDF-S, for which there are enough photons to assess ob-
scuration. We increase the X-ray fluxes of our X-ray sources
by 20% to account for the average systematic effect from
obscuration.
For X-ray undetected sources, we employ a stacking
technique to include their X-ray emission. We perform this
process on full-band X-ray images.4 We generally follow
the steps in Vito et al. (2016), and we briefly summa-
rize this procedure below. First, we mask X-ray detected
sources in the X-ray images. We choose masking radii (Rmsk)
of 2 × R90, 2.25 × R90, and 2.5 × R90 for sources with net
counts < 100, 100–1000, and > 1000, respectively. Here, R90
means the radius for a 90% encircled-energy fraction (EEF),
and it is a function of off-axis angle (see Appendix A of
Vito et al. 2016). After source masking, we derive the net
count rate for X-ray undetected sources. To enhance signal-
to-noise, we adopt an aperture radius Raper = R80, R75, R60,
and R40 for sources with off-axis angle < 3.5′, 3.5′–4.25′,
4.25′–5.5′, and 5.5′–7.8′, respectively. We discard sources
whose off-axis angle is > 7.8′ and/or whose apertures over-
lap with masked regions. The counts in the apertures in-
clude contributions from both sources and background, and
we need to subtract the background counts. We estimate the
background counts in an annulus with inner and outer radii
of 1.1R90 and 1.1R90 + 10′′, respectively. Due to the limited
aperture size, the net counts encircled in the aperture only
represent a fraction of the total net counts. We perform an
aperture correction for each source, depending on the aper-
ture size adopted. For example, if Raper = R80 for a source,
we divide the aperture net counts by 80% to recover the to-
tal net counts. We then obtain the count rate by dividing
4 For the EGS field, we use the X-ray image from Goulding et al.
(2012), since Nandra et al. (2015) did not produce the X-ray
image for the entire EGS field.
the total net counts by the exposure time at the position
of the source. For sources in each field, we derive fluxes by
multiplying the count rates by a constant factor, which is
the median flux/count-rate ratio of X-ray detected sources
in the field. Finally, for a group of X-ray undetected sources,
we can obtain their average X-ray luminosity (LX,stack) from
the average X-ray flux and redshift, assuming Γ = 1.7. Our
derived SMBH accretion power is mostly contributed by the
X-ray detected sources, and the stacking procedure typically
accounts for less than 20% of the accretion power.
For X-ray detected objects, we have LX for individual
sources; for X-ray undetected sources, we have LX,stack for
any group of sources. We can then calculate average AGN
bolometric luminosity for any sample of sources as
Lbol =
Σdet(LX − LX,XRB)kbol + (LX,stack − LX,XRB)Nnonkbol
Ndet + Nnon
(2)
Here, Ndet and Nnon are the numbers of X-ray detected and
undetected sources in the sample. LX,XRB is the expected
luminosity from X-ray binaries (XRBs) and LX,XRB is the
average XRB luminosity for the stacked sources. To ob-
tain LX,XRB and LX,XRB, we adopt model 269 of Fragos
et al. (2013) which describes XRB X-ray luminosity as a
linear function of M? and SFR. Model 269 is a theoretical
model favored by the observations of galaxies at z = 0–2
(Lehmer et al. 2016). The expected X-ray emission from
XRBs only accounts for ≈ 15% of the total X-ray power, and
thus the uncertainties related to the XRB modelling should
not affect our analyses significantly. kbol and kbol are the
LX-dependent bolometric corrections at (LX − LX,XRB) and
(LX,stack − LX,XRB), respectively. We adopt the bolometric-
correction model from Hopkins et al. (2007).5 Assuming a
constant radiative efficiency of  = 0.1, we can convert Lbol
to BHAR as
BHAR =
(1 − )Lbol
c2
=
1.58Lbol
1046 erg s−1
M yr−1,
(3)
where c is the speed of light. The adopted  = 0.1 is moti-
vated by observations (see, e.g. §3.4 of Brandt & Alexander
2015). We obtain the BHAR uncertainties with a bootstrap-
ping technique (e.g. §2.3 of Yang et al. 2017).
As explained in §1, the BHAR quantity is designed to ap-
proximate long-term average SMBH accretion rate, and has
been widely adopted in the studies of AGN-galaxy relations
(e.g. Chen et al. 2013; Hickox et al. 2014; Yang et al. 2017,
2018a,b; Fornasini et al. 2018). Some works proposed to re-
cover the full distribution of BHAR as a function of galaxy
properties (e.g. Volonteri et al. 2015; Georgakakis et al. 2017;
Aird et al. 2018b,a), and quantities such as BHAR and duty
cycle can then be derived. However, detailed modelling of
5 As pointed out in Footnote 4 of Merloni & Heinz (2013), the kbol
in Hopkins et al. (2007) appears to be overestimated due to the
double counting of IR reprocessed emission. Following Merloni &
Heinz (2013), we multiply the kbol in Hopkins et al. (2007) by a
factor of 0.7 to address this issue.
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B.-D. fSPH=1.00
fDISK=0.40,fIRR=0.00
z=0.52
X. Undet.
logM =10.1
logSFR=1.0
B.-D. fSPH=0.85
fDISK=0.10,fIRR=0.00
z=1.16
X. Undet.
logM =10.2
logSFR= 0.7
B.-D. fSPH=0.85
fDISK=0.57,fIRR=0.01
z=1.29
X. Undet.
logM =10.3
logSFR= 0.6
B.-D. fSPH=0.92
fDISK=0.52,fIRR=0.00
z=1.33
X. Undet.
logM =10.2
logSFR=0.5
B.-D. fSPH=0.72
fDISK=0.03,fIRR=0.00
z=1.34
X. Undet.
logM =9.7
logSFR=1.0
B.-D. fSPH=0.80
fDISK=0.44,fIRR=0.04
z=1.40
X. Undet.
logM =10.1
logSFR=0.8
B.-D. fSPH=0.90
fDISK=0.15,fIRR=0.00
z=1.82
X. Undet.
logM =10.8
logSFR= 1.7
B.-D. fSPH=0.95
fDISK=0.14,fIRR=0.00
z=2.50
X. Undet.
logM =11.1
logSFR= 1.7
B.-D. fSPH=0.81
fDISK=0.05,fIRR=0.03
z=2.60
X. Undet.
logM =10.6
logSFR=1.8
Comp. fSPH=0.04
fDISK=0.34,fIRR=1.00
z=0.96
X. Undet.
logM =10.1
logSFR=1.4
Comp. fSPH=0.44
fDISK=1.00,fIRR=0.03
z=1.05
X. Undet.
logM =10.3
logSFR=0.7
Comp. fSPH=0.09
fDISK=0.87,fIRR=0.22
z=1.12
X. Undet.
logM =10.0
logSFR=1.8
Comp. fSPH=0.09
fDISK=0.86,fIRR=0.11
z=1.25
X. Undet.
logM =9.9
logSFR=1.4
Comp. fSPH=0.21
fDISK=0.87,fIRR=0.27
z=1.50
X. Undet.
logM =10.0
logSFR=1.6
Comp. fSPH=0.02
fDISK=0.99,fIRR=0.22
z=1.52
X. Undet.
logM =10.3
logSFR=1.6
Comp. fSPH=0.79
fDISK=0.77,fIRR=0.23
z=1.54
X. Undet.
logM =10.3
logSFR=1.0
Comp. fSPH=0.82
fDISK=0.79,fIRR=0.00
z=1.60
X. Undet.
logM =10.8
logSFR=0.5
Comp. fSPH=0.30
fDISK=0.58,fIRR=0.60
z=2.18
X. Undet.
logM =10.5
logSFR=1.9
B.-D. fSPH=1.00
fDISK=0.22,fIRR=0.00
z=0.67
logLX = 42.3
logM =10.8
logSFR= 0.3
B.-D. fSPH=0.98
fDISK=0.19,fIRR=0.00
z=1.00
logLX = 43.7
logM =10.8
logSFR=1.3
B.-D. fSPH=0.77
fDISK=0.02,fIRR=0.03
z=1.16
logLX = 43.4
logM =10.3
logSFR=0.5
B.-D. fSPH=0.72
fDISK=0.07,fIRR=0.00
z=1.22
logLX = 43.8
logM =9.7
logSFR=1.1
B.-D. fSPH=0.97
fDISK=0.16,fIRR=0.06
z=1.38
logLX = 43.0
logM =10.4
logSFR=1.3
B.-D. fSPH=0.92
fDISK=0.21,fIRR=0.02
z=1.61
logLX = 42.8
logM =10.8
logSFR=1.4
B.-D. fSPH=0.91
fDISK=0.10,fIRR=0.01
z=2.40
logLX = 43.3
logM =10.7
logSFR=1.9
B.-D. fSPH=0.90
fDISK=0.18,fIRR=0.00
z=2.45
logLX = 43.5
logM =11.1
logSFR=2.6
B.-D. fSPH=0.69
fDISK=0.00,fIRR=0.00
z=2.58
logLX = 43.8
logM =10.5
logSFR=1.4
Comp. fSPH=0.85
fDISK=1.00,fIRR=0.00
z=0.67
logLX = 41.8
logM =10.8
logSFR=1.4
Comp. fSPH=0.12
fDISK=0.97,fIRR=0.24
z=0.71
logLX = 41.6
logM =9.9
logSFR=1.3
Comp. fSPH=0.62
fDISK=1.00,fIRR=0.00
z=0.78
logLX = 42.0
logM =10.3
logSFR=0.8
Comp. fSPH=0.86
fDISK=0.70,fIRR=0.05
z=1.37
logLX = 42.2
logM =10.2
logSFR=2.0
Comp. fSPH=0.70
fDISK=0.81,fIRR=0.04
z=1.60
logLX = 43.3
logM =10.7
logSFR=1.0
Comp. fSPH=0.66
fDISK=0.71,fIRR=0.38
z=1.62
logLX = 43.5
logM =11.2
logSFR=0.5
Comp. fSPH=0.56
fDISK=0.90,fIRR=0.26
z=2.08
logLX = 42.6
logM =10.5
logSFR=2.0
Comp. fSPH=0.46
fDISK=1.00,fIRR=0.03
z=2.10
logLX = 44.1
logM =10.9
logSFR=1.4
Comp. fSPH=0.00
fDISK=0.64,fIRR=0.71
z=2.13
logLX = 42.9
logM =10.9
logSFR=1.3
Figure 2. Example H-band 3′′ × 3′′ cutouts for the bulge-dominated (left) and comparison (right) samples, and the X-ray undetected
(top) and detected (bottom) samples. For each sample, the cutouts are arranged in ascending order of redshift. The galaxy of interest is
placed at the center of each cutout. These galaxies are randomly selected from our sample in §2.3. Note that galaxies can simultaneously
have high fsph and fdisk values; these galaxies are not selected as bulge-dominated and are included in the comparison sample (see §2.3).
the BHAR distribution at given M?, SFR, and morphologi-
cal type is beyond the scope of this work, and we leave it to
future studies.
3 ANALYSES AND RESULTS
In this Section, we study BHAR as a function of SFR and
M? (§3.1). We address the question of whether BHAR is
mainly related to SFR or M? in §3.2. All these analyses are
performed for the bulge-dominated and comparison samples,
respectively. In Appendix A, we perform the same analyses
for all galaxies. In §3.3, we quantify the BHAR-SFR relation
for the bulge-dominated sample.
3.1 BHAR as a Function of SFR and M?
We plot the BHAR as a function of SFR for our bulge-
dominated and comparison samples, respectively, in Fig. 5
(black points). In each panel, the bins are chosen to include
MNRAS 000, 1–18 (2018)
8 G. Yang et al.
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Bu
lg
e-
Do
m
in
at
ed
 F
ra
c.
Mlim
z = 0.5 1.5
9.6 9.8 10.0 10.2 10.4 10.6 10.8 11.0 11.2
logM (M )
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Bu
lg
e-
Do
m
in
at
ed
 F
ra
c.
Mlim
z = 1.5 3.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Bu
lg
e-
Do
m
in
at
ed
 F
ra
c.
z = 0.5 1.5
1.5 1.0 0.5 0.0 0.5 1.0 1.5 2.0
logSFR (M yr 1)
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Bu
lg
e-
Do
m
in
at
ed
 F
ra
c.
z = 1.5 3.0
Figure 3. The fraction of bulge-dominated galaxies as a function of M? (left) and SFR (right). The error bars represent binomial
uncertainties. The vertical dashed lines indicate the limiting M? corresponding to H < 24.5 (§2.2).
approximately the same number of sources, and this ap-
proach is to reach similar BHAR signal-to-noise (S/N) ratios
for the bins. Adjusting the bins does not change our conclu-
sions qualitatively, although the statistical scatter of BHAR
measurements increases.
For the bulge-dominated sample, BHAR rises strongly
from low to high SFR by a factor of ≈ 400 (z = 0.5–1.5) and
≈ 100 (z = 1.5–3.0). In contrast, for the comparison sample,
BHAR only increases by a factor of ≈ 10 (z = 0.5–1.5) and
≈ 2 (z = 1.5–3.0) from low to high SFR. We show BHAR vs.
M? in Fig. 6 (black points). For the bulge-dominated sam-
ple, there is no strong correlation between BHAR and M?.
For the comparison sample, BHAR appears to rise toward
high M? in general. We note that, due to our limited sam-
ple size, statistical fluctuations can be strong sometimes. For
example, for the black point at logM? ≈ 9.8 in Fig. 6 (right),
the BHAR is mostly contributed by a single source. These
fluctuations inevitably cause some scatter in Figs. 5 and 6.
3.2 Is BHAR Mainly Related to SFR or M??
In this Section, we address the question of whether BHAR is
mainly related to SFR or M? for the bulge-dominated and
comparison samples, respectively. The analysis methods here
are similar to those in Yang et al. (2017). We compare our
results with Yang et al. (2017) in Appendix A.
In Fig. 5, we divide each SFR bin into two bins with M?
above and below the median M? of the SFR bin, respectively.
In general, the high-M? and low-M? bins have similar BHAR
for the bulge-dominated sample. However, the high-M? bins
have significantly higher BHAR than the corresponding low-
M? bins for the comparison sample. Similarly, in Fig. 6, we
also divide each M? bin into high-SFR and low-SFR bins.
The high-SFR bins have much higher BHAR than the cor-
responding low-SFR bins for the bulge-dominated sample.
In contrast, the high-SFR and low-SFR bins have similar
BHAR for the comparison sample.
The results above qualitatively indicate that BHAR
might primarily depend on SFR rather than M? for the
bulge-dominated sample and that the situation is the oppo-
site for the comparison sample. To further test this point, we
perform partial-correlation (PCOR) analyses with pcor.r
in the r statistical package (Kim 2015). We first bin sources
based on both SFR and M? and calculate BHAR for each bin,
and Fig. 7 shows the results. Following Fig. 5, the bins for
the x-axis (y-axis) include similar numbers of sources. Ad-
MNRAS 000, 1–18 (2018)
SMBH-bulge coevolution 9
9.8 10.0 10.2 10.4 10.6 10.8 11.0 11.2
logM (M )
3
2
1
0
1
2
3
lo
gS
FR
(M
yr
1 )
Bulge-Dominated; z = 0.5 1.5
X-ray detected
Main sequence
10.2 10.4 10.6 10.8 11.0 11.2
logM (M )
3
2
1
0
1
2
3
lo
gS
FR
(M
yr
1 )
Bulge-Dominated; z = 1.5 3.0
X-ray detected
Main sequence
9.8 10.0 10.2 10.4 10.6 10.8 11.0 11.2
logM (M )
3
2
1
0
1
2
3
lo
gS
FR
(M
yr
1 )
Comparison; z = 0.5 1.5
X-ray detected
Main sequence
10.2 10.4 10.6 10.8 11.0 11.2
logM (M )
3
2
1
0
1
2
3
lo
gS
FR
(M
yr
1 )
Comparison; z = 1.5 3.0
X-ray detected
Main sequence
Figure 4. The SFR-M? distribution for the bugle-dominated (top) and comparison (bottom) samples for z = 0.5–1.5 (left) and z = 1.5–3.0
(right). The contours encircle 68%, 90%, and 95% of sources, respectively. The red points represent X-ray detected sources. The dashed
lines indicate the star-formation main sequence at z = 0.98 (left) and z = 1.97 (right), respectively (Whitaker et al. 2012). z = 0.98 and
z = 1.97 are the median redshifts for our sources at z = 0.5–1.5 and z = 1.5–3.0, respectively. The bulge-dominated sample tends to have
lower SFR than the comparison sample.
justing the bins does not affect our results qualitatively. We
input the median logM?, median log SFR, and logBHAR in
each bin to pcor.r and calculate the significance levels for
the BHAR-M? and BHAR-SFR relations, respectively. The
PCOR tests are performed with the Pearson and Spearman
statistics, respectively, and the results are summarized in
Tab. 2. These results show that, for the bulge-dominated
sample, the BHAR-SFR correlation is significant (> 3σ)
while the BHAR-M? correlation is not (< 3σ). For the com-
parison sample, the BHAR-M? correlation is significant while
the BHAR-SFR correlation is not. These conclusions are also
supported by Figs. 5 and 6. We note that the lack of a sig-
nificant BHAR-SFR relation for the comparison sample is
unlikely to be caused by X-ray obscuration effects, because
the effects of obscuration on our BHAR measurements are
generally small (see §2.4).
Fig. 5 (left) is the key plot in this paper. It displays
the strong BHAR-SFR connection and qualitatively demon-
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Figure 5. BHAR vs. SFR for bulge-dominated (left) and comparison (right) samples. The horizontal position of each data point indicates
the median SFR of the sources in the bin. Each SFR sample is further divided into two subsamples, i.e., M? above (blue points) and
below (red points) the median M? of the SFR sample, respectively. The black lines are the best-fit log-linear model to the black data
points. The error bars represent a 1σ confidence level.
strates that the BHAR-SFR relation cannot be significantly
split by M?. We have also tested dividing each SFR bin by
other galaxy properties (instead of M?) such as fdisk (§2.1)
and rest-frame U − V color, and none of these parameters
can significantly split the BHAR-SFR relation. Therefore,
the strong BHAR-SFR correlation is likely fundamental.
3.3 Quantification of the BHAR-SFR Relation
In §3.2, we find that BHAR is mainly correlated with SFR
rather than M? for the bulge-dominated sample. To quantify
this BHAR-SFR relation, we fit the data points in Fig. 5 (left;
black points) with a log-linear model. For convenience, we
list the sample properties of each data point in Tab. 3. We
adopt a standard least-χ2 fitting method implemented by a
python package scipy.optimize.curve fit. We first fit the
data points in the two redshift bins independently, and the
results are
logBHAR =
{
(0.88 ± 0.07) log SFR − (2.56 ± 0.08), z = 0.5–1.5
(0.89 ± 0.08) log SFR − (2.38 ± 0.09), z = 1.5–3
(4)
Considering the best-fit parameters are similar for the two
redshift bins, we fit all the data points in both redshift bins
simultaneously. The best-fit model is
logBHAR = (0.92 ± 0.04) log SFR − (2.47 ± 0.05), (5)
where the errors are calculated under a 68% confidence level.
The reduced χ2 of the fit is 0.8 (p-value = 53%), showing
that the fit quality is acceptable. Considering that the slope
of the best-fit model is close to unity, we also fit the data
with slope fixed to unity. This procedure results in
logBHAR = log SFR − (2.48 ± 0.05). (6)
The fit quality is also acceptable, with reduced χ2 of 1.2
(p-value = 32%). This best-fit model is displayed in Fig. 5
(left). The best-fit BHAR/SFR ratio in this model is 10−2.48.
Our BHAR does not include the accretion from BL
AGNs (§2). Here, we consider this missed accretion power
statistically. We first construct a non-BL AGN sample with
LX and redshift matched with the spectroscopic BL AGN
sample (§2.2): for each BL AGN, we randomly select a
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Figure 6. Same format as Fig. 5 but for BHAR vs. M?.
Table 2. p-values (significances) of partial-correlation analyses
for the bulge-dominated (top) and comparison (bottom) samples.
Bulge-Dominated; z = 0.5–1.5
Relation Pearson Spearman
BHAR-M? 0.03 (2.2σ) 0.02 (2.3σ)
BHAR-SFR 10−18.8 (9.0σ) 10−13.3 (7.5σ)
Bulge-Dominated; z = 1.5–3
Relation Pearson Spearman
BHAR-M? 0.26 (1.1σ) 0.44 (0.8σ)
BHAR-SFR 10−28.5 (11.2σ) 10−5.2 (4.5σ)
Comparison; z = 0.5–1.5
Relation Pearson Spearman
BHAR-M? 10−7.7 (5.6σ) 10−8.4 (5.9σ)
BHAR-SFR 0.01 (2.5σ) 0.02 (2.3σ)
Comparison; z = 1.5–3
Relation Pearson Spearman
BHAR-M? 10−14.3 (7.8σ) 10−4.5 (4.2σ)
BHAR-SFR 0.20 (1.3σ) 0.97 (0.0σ)
“nearby”non-BL AGN in the LX-z plane (within log LX±0.15
and z±0.2). We find that ≈ 35% of these non-BL AGNs reside
in bulge-dominated galaxies. Assuming, following the uni-
fied model, that a similar fraction of BL AGNs have bulge-
dominated hosts, we find that the missed accretion power
(contributed by BL AGNs) is ≈ 40% of the observed ac-
cretion power for bulge-dominated galaxies. Therefore, after
including the accretion power of BL AGNs, the BHAR/SFR
ratio might be slightly higher (≈ 0.15 dex) than the best-fit
value. We note that errors resulting from radiative-efficiency
and IMF uncertainties likely exist, and thus the best-fit
value of BHAR/SFR inevitably suffers from systematic un-
certainty up to a factor of a few. However, the systematic
uncertainties should not affect our main qualitative conclu-
sion, i.e. BHAR primarily depends on SFR among bulge-
dominated galaxies.
Considering the importance of SMBH-galaxy growth
among bulge-dominated galaxies, we also plot AGN frac-
tion as a function of SFR in Fig. 8. Here, we count an X-ray
source as an “AGN” if it has log LX > 42.8 (z = 0.5–1.5) or
log LX > 43.5 (z = 1.5–3). These thresholds are the LX limits
at z = 1.5 and z = 3, respectively, for a 0.5–10 keV flux limit
of 8.9 × 10−16 erg cm−2 s−1. This flux limit is the detection
limit of the COSMOS survey (Civano et al. 2016), which is
the shallowest CANDELS X-ray survey (Tab. 1). BHAR is
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Figure 7. Color-coded BHAR at different M? and SFR for bulge-dominated (left) and comparison (right) samples. The black plus sign
indicates the median SFR and M? of the sources in each bin. The BHAR, median M?, and median SFR are the input in our PCOR
analyses (§3.2).
mainly driven by duty cycle and average accretion rate of
AGNs. From Fig. 8,6 AGN fraction increases toward high
SFR for both redshift bins. This result indicates that the
positive BHAR-SFR relation is, at least partially, due to the
rise of AGN duty cycle toward high SFR. Detailed quantita-
tive analyses of AGN duty cycle and average accretion rate
require the full distribution of BHAR (see §2.4), for which
we leave to future studies.
3.4 Reliability Checks
Our M? and SFR measurements are mostly based on SED
fitting of rest-frame UV-to-NIR photometry, and we have re-
moved BL AGNs from our sample to avoid strong AGN SED
6 We cannot derive reliable average AGN X-ray luminosities and
thereby accretion rates due to the small AGN sample sizes in
most bins (see Tab. 3).
components that might affect our results (§2.2 and §3.3).
Also, from Fig. 2, the X-ray detected sources do not appear
to have strong central point-like emission, indicating that
the presence of AGNs should not significantly affect the M?,
SFR, and morphology measurements. On the other hand, if
potential AGN SED contamination significantly biased our
analyses, we would expect to reach a similar conclusion for
bulge-dominated and comparison samples, which is not the
case (§3.2). Therefore, we consider that our conclusions are
not biased by AGN SED contamination. In §2.2, we have
also discussed the SFR uncertainties of SED-based and FIR-
based measurements, and found that our main conclusions
are unlikely to be affected by those uncertainties.
Our bulge-dominated galaxies at z = 0.5–3 are se-
lected utilizing machine-learning morphological measure-
ments based on HST H-band imaging (§2.1 and §2.3). Mor-
phological measurements at high redshift are challenging
due to effects such as redshifting of photons and image
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Table 3. Properties of each bin in Fig. 5 (left; black points).
Bulge-Dominated; z = 0.5–1.5
log SFR logM? logBHAR Gal. # X. # AGN #
(1) (2) (3) (4) (5) (6)
−1.97 10.24 −4.35+0.17−0.17 360 14 0
−1.24 10.44 −3.67+0.14−0.16 360 20 1
−0.71 10.48 −2.82+0.20−0.39 360 29 6
0.14 10.25 −2.41+0.12−0.15 360 46 15
1.05 10.19 −1.69+0.12−0.17 361 69 36
Bulge-Dominated; z = 1.5–3
log SFR logM? logBHAR Gal. # X. # AGN #
(1) (2) (3) (4) (5) (6)
−0.90 10.62 −3.27+0.15−0.21 274 7 0
−0.01 10.64 −2.28+0.13−0.18 274 21 4
1.47 10.59 −1.08+0.09−0.11 275 77 41
Note. — (1) & (2) Median log SFR and logM?. (3) logBHAR
and its uncertainties. (4) Number of galaxies. (5) Number of
X-ray sources. (6) Number of AGNs as defined in Fig. 8.
degradation (e.g. Conselice 2014 and references therein). De-
tailed assessment of these redshift effects on our results re-
quires careful simulations of HST imaging and repetition of
the machine-learning measurements on the simulated data.
These procedures are beyond the scope of this work. Here,
we qualitatively discuss the robustness of our results against
such redshift effects.
Due to the redshifting of photons, the same observed-
frame wavelength covers different rest-frame wavelengths
at different redshifts. The correction for this redshift-
ing effect is named the “morphological k-correction”.
From multiwavelength observations of local galaxies,
Taylor-Mager et al. (2007) found that the morphological k-
correction is weak in the optical/NIR wavelength range
(≈ 0.36–0.85 µm, where 0.36 µm corresponds to the Balmer
break and 0.85 µm is the longest wavelength available in
their work), especially for elliptical/S0 galaxies. For our
work, the observed-frame H band (used for morphologi-
cal measurements; §2.1) does not reach out to rest-frame
UV photons below the Balmer break at z = 0.5–3, and it
corresponds to the rest-frame NIR (≈ 1 µm) and optical
(≈ 0.4 µm) light at z = 0.5 and z = 3, respectively. Also,
considering that we only utilize the morphological informa-
tion for a basic selection of bulge-dominated galaxies rather
than, e.g. a quantitative measurement of galaxy size, we con-
clude that the morphological k-correction should not affect
our results qualitatively. Another point of support for this
conclusion is that, although the H band is sampling different
wavelengths for z = 0.5–1.5 and z = 1.5–3, we have obtained
qualitatively the same results for the two redshift bins (§3.2).
At low redshift, the H band samples rest-frame red opti-
cal/NIR photons. Since galactic-disk components are gener-
ally bluer than bulge components, one might worry that H-
band imaging could miss disk components. This issue mainly
happens for low-M? faint disky galaxies. Considering that
our main focus is relatively massive galaxies (§2.3) and that
CANDELS H-band data are deep, this issue might not be
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Figure 8.AGN fraction as a function of SFR for bulge-dominated
galaxies. The upper and lower panels are for z = 0.5–1.5 and z =
1.5–3, respectively. As labelled, the AGN fractions are calculated
based on different LX thresholds for different redshift bins, and the
thresholds are derived from the X-ray flux limit of the COSMOS
survey (§3.3). The AGN fraction rises toward high SFR.
problematic for our study. However, we still check this issue
in the following ways. First, we visually check HST I-band
cutouts of ≈ 100 random galaxies in our bulge-dominated
samples at z = 0.5–1. We do not find significant disk compo-
nents for these sources. Indeed, the average I-band Se´rsic in-
dex of our low-redshift bulge-dominated sample is ≈ 3.5 (us-
ing the measurements of Scarlata et al. 2007), which is typ-
ical for bulge-dominated galaxies (e.g. Buitrago et al. 2013;
Conselice 2014). On the other hand, we visually check the
low-redshift disky ( fdisk ≥ 2/3; §2.3) galaxies in our sample.
We find their disk components do not appear to be signifi-
cantly weaker in H band than in I band, and we attribute
this result to the deep exposure and relatively low extinction
of H band. Therefore, we consider that the H band-based
morphological classification is robust at low redshift.
The imaging quality generally becomes worse toward
higher redshift. Some fine galactic structures (e.g. spiral
arms and clumps) might be smoothed out, and thus some
disky and irregular galaxies might be classified as the smooth
bulge-dominated type (e.g. Mortlock et al. 2013). Therefore,
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our bulge-dominated sample might be“contaminated”. How-
ever, this issue is, at least to some extent, mitigated by the
H mag cut (H < 24.5) applied to our sample (§2.1). This cut
guarantees a minimum signal-to-noise ratio (S/N ≈ 80) of
the imaging, with the penalty of a smaller sample size. Also,
if our bulge-dominated sample were strongly contaminated,
we would observe a similar BHAR-SFR-M? relation for both
the bulge-dominated and comparison samples. However, the
BHAR dependences on SFR and M? are qualitatively dif-
ferent for these two samples (§3.2). We thus consider that
image degradation should not be a significant issue for our
conclusions.
4 DISCUSSION
4.1 Physical Implications
We emphasize that the BHAR-SFR correlation only exists
for our bulge-dominated sample, while BHAR appears to be
primarily correlated with M? for the comparison sample.
This difference indicates that SMBHs only coevolve with
bulges rather than entire galaxies, consistent with the obser-
vations of local systems (e.g. Kormendy & Ho 2013; Davis
et al. 2018). Such SMBH-bulge coevolution might be driven
by the amount of cold gas available in the bulge, since both
SMBH and bulge growth require cold gas. From the SMBH-
bulge coevolution scenario, we expect that BHAR is also fun-
damentally correlated with bulge SFR even when a galactic
disk is present.
Earlier studies speculated an intrinsic BHAR-SFR re-
lation for the overall galaxy population (see §1). However,
the scenario of SMBH vs. entire galaxy coevolution leads to
MBH being strongly related to M? rather than Mbulge in the
local universe, contradicting observations (e.g. Kormendy &
Ho 2013). To reconcile this contradiction, an ad hoc galaxy
evolution model was invoked where all stellar mass formed
in the distant universe (z & 0.5) is transformed to bulge
mass at z = 0 (Jahnke et al. 2009; Mullaney et al. 2012).
In contrast, the BHAR-bulge SFR correlation, as revealed
by our work, can naturally result in the MBH-Mbulge rela-
tion observed in the local universe, without invoking any
unphysical galaxy evolution models. Our findings highlight
the critical role of morphological measurements when obser-
vationally studying the connections between distant SMBHs
and their host galaxies, as the BHAR-SFR correlation only
exists among bulge-dominated galaxies. Without deep HST
observations of CANDELS, our discovery would not be pos-
sible (see Appendix A).
Some papers attribute the local MBH-Mbulge relation
entirely to a non-causal statistical origin (e.g. Peng 2007;
Jahnke & Maccio` 2011). If galaxy/SMBH mergers happen
frequently enough, the scatter of the MBH-Mbulge relation
could be averaged out. Our results show that there is indeed
an intrinsic BHAR-SFR connection at high redshift that can
lead to the MBH-Mbulge correlation among nearby galaxies
(§4.2). Therefore, the non-causal scenarios of merger av-
eraging are not necessary to explain the MBH-Mbulge rela-
tion. Also, recent observations of Yang et al. (2018a) show
that frequent mergers will lead to a MBH/Mbulge ratio much
smaller than the observed values in the local universe.
Kocevski et al. (2017)
found that, for compact galaxies, the star-forming pop-
ulation has elevated AGN fraction compared to the quies-
cent population with matched M? at z ≈ 2. However, for ex-
tended galaxies, the star-forming and quiescent populations
have similar AGN fractions. Since our bulge-dominated pop-
ulation is morphologically more compact than other galaxy
populations in general (see Fig. 2; e.g. Huertas-Company
et al. 2015a), our results in Fig. 6 are broadly consistent with
the findings of Kocevski et al. (2017). While we consider our
results as evidence of SMBH-bulge coevolution, Kocevski
et al. (2017) argued that a contraction process might trig-
ger both compact starburst activity and SMBH accretion.
In our scenario, bulge SFR is fundamentally correlated with
BHAR; in their scenario, compactness is a critical galaxy
property linked with SMBH growth. To address the ques-
tion of which scenario is more physical, one needs to break
the degeneracy that bulge-dominated systems are generally
compact. We will perform these analyses in a future paper
(Ni et al. in prep.).
4.2 Implications for the MBH-Mbulge Relation
From the best-fit results in §3.3, we have BHAR/SFR =
10−2.48. This value is similar to the typical observed
MBH/Mbulge values in the local universe (≈ 10−2.5–10−2.2;
Kormendy & Ho 2013). Also, similar to the observed MBH-
Mbulge relation in the local universe, our BHAR-SFR rela-
tion for bulge-dominated galaxies has slope close to unity.
These similarities indicate that the observed MBH-Mbulge re-
lation originates from SMBH-bulge coevolution as revealed
by our work, and the MBH-Mbulge relation is not heavily
biased by the possibility that observations tend to select
massive SMBHs for MBH measurements (e.g. Shankar et al.
2016).
The strong BHAR-SFR relation among bulge-
dominated galaxies indicates that SMBH and bulge
growth are in lockstep. A natural consequence from this
lockstep growth is that the MBH-Mbulge relation should
not have strong redshift dependence. Some observations
suggest that the MBH/Mbulge ratio appears to be higher
toward higher redshifts (e.g. Shields et al. 2006; Ho 2007),
contradicting the scenario of lockstep growth. However, this
apparent redshift dependence of MBH/Mbulge might result
from observational biases (e.g. Lauer et al. 2007), because
MBH measurements in the distant universe are generally
limited to luminous quasars. These luminous quasars are
likely the most massive SMBHs accreting at high Edding-
ton ratios, and thus the observed MBH/Mbulge should be
systematically higher than the typical MBH/Mbulge among
the entire galaxy population.
4.3 Galaxies that are Not Bulge-Dominated
For our bulge-dominated sample, BHAR is fundamentally re-
lated to SFR. In contrast, for our comparison sample consist-
ing of galaxies that are not bulge-dominated (§2.3), BHAR is
not strongly coupled with SFR (§3.2), likely due to the fact
that their total SFR is mostly contributed by non-bulge com-
ponents. Actually, most (≈ 80%) of the comparison galax-
ies are irregular/disk-dominated galaxies with no significant
bulge components ( fsph < 2/3; §2.3). The rest (≈ 20%) of the
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population in the comparison sample is bulge-disk systems.
For these systems, according to the SMBH-bulge coevolu-
tion scenario, BHAR should be intrinsically correlated with
bulge SFR (§4.1).
For our comparison sample, BHAR is strongly related to
M? (§3.2). The implications of this BHAR-M? relation are
discussed in detail by Yang et al. (2018a),7 and we only sum-
marized their main points below. Yang et al. (2018a) found
that BHAR/SFR rises toward high M?, i.e. massive galaxies
are more effective in feeding their SMBHs (see their §4.2).
This result inevitably leads to a higher MBH/M? ratio for
more massive galaxies in the local universe, i.e. the typical
local MBH-M? relation should be non-linear (see their §4.3
and §4.4). On the other hand, Yang et al. (2018a) also con-
sidered that the local MBH-M? relation might not be tight
due to different stellar-mass histories of local galaxies with
similar M? (see their §3.4.1). This is because BHAR is higher
toward high redshift, at a given M? (see their Fig. 9). There-
fore, for two galaxies with similar M? in the local universe,
the one that forms at higher redshift should have a more
massive SMBH.
5 SUMMARY AND FUTURE WORK
We have studied the BHAR dependence on SFR and M? for a
bulge-dominated sample and a comparison sample of galax-
ies, respectively, based on multiwavelength observations of
the CANDELS fields. Our main analysis procedures and
conclusions are summarized below:
(i) We have compiled redshift, M?, and SFR for galaxies
brighter than H = 24.5 from the CANDELS catalogs (§2.2).
The CANDELS M? and SFR measurements are based on
SED fitting. For sources detected by Herschel , we estimate
their SFR from FIR photometry. We have applied M? cuts
of logM? > 9.7 (z = 0.5–1.5) and logM? > 10.2 (z = 0.5–1.5)
to our sample to ensure M? completeness (§2.3). Based
on machine-learning morphological measurements (§2.1), we
have selected a sample of bulge-dominated galaxies and in-
cluded the other galaxies in a comparison sample (§2.3).
The bulge-dominated galaxies consist of ≈ 25% of the entire
galaxy population.
(ii) We have measured sample-averaged BHAR for dif-
ferent samples of galaxies based on the deep X-ray obser-
vations from Chandra (§2.4). We first measure the LX for
each X-ray detected source as well as average X-ray lumi-
nosity for undetected sources via a stacking process. From
these measurements, we calculate average AGN bolometric
luminosity adopting an LX-dependent bolometric correction.
Finally, we estimate BHAR from Lbol assuming a constant
radiation efficiency.
(iii) For the bulge-dominated sample, we have shown,
with both qualitative and quantitative (PCOR) analyses,
that BHAR primarily depends on SFR rather than M?
(§3.1 and §3.2). For the comparison sample, the situation
7 Although Yang et al. (2018a) focused on the BHAR-M? relation
for the entire galaxy population, their conclusions should largely
hold for our comparison galaxies which are numerically the main
population (≈ 75%; §2.3 and Appendix A).
is the opposite. The tight BHAR-SFR connection for bulge-
dominated galaxies indicates that SMBHs only coevolve
with bulges rather than entire host galaxies (S§4.1). The
non-causal scenarios of merger averaging are unlikely the
origin of the MBH-Mbulge relation in the local universe.
(iv) Our best-fit BHAR-SFR relation for the bulge-
dominated sample is logBHAR = log SFR−(2.48±0.05) where
the slope is fixed to unity (§3.3). Our best-fit BHAR/SFR
ratio is similar to the observed MBH/Mbulge ratio in the lo-
cal universe (§4.2). This agreement indicates that our ob-
served BHAR-SFR relation is indeed responsible for the well-
known tight MBH-Mbulge correlation among local galaxies.
On the other hand, our findings support that the observed
local MBH-Mbulge relation is not heavily biased. The strong
BHAR-SFR relation among bulge-dominated galaxies indi-
cate lockstep growth of SMBHs and bulges, predicting that
the MBH-Mbulge relation should not have strong redshift de-
pendence.
This paper probes the redshift range of z = 0.5–3. Future
studies can extend our work down to z ≈ 0.2 using the 2 deg2
COSMOS field, or even to the local universe (e.g. Goulding
et al. 2017) based on wide surveys, e.g. XMM-XXL (Pierre
et al. 2016), Stripe 82X (LaMassa et al. 2016), XMM-SERVS
(Chen et al. 2018), and the Chandra Source Catalog (Evans
et al. 2010). Compared to distant systems in deep fields, local
sources have the advantages of larger sample sizes and more
accurate morphological measurements, and these advantages
could reduce the uncertainties of the BHAR-SFR relation sig-
nificantly. In the near future, we will also investigate whether
bulge SFR or galaxy compactness is more tightly linked to
SMBH growth (Ni et al. in prep.; §4.1). Future work could
furthermore derive the full BHAR distribution as a func-
tion of SFR and M? for bulge-dominated and comparison
galaxies, respectively, and detailed sample properties such
as duty cycle and average accretion rate of AGNs can be
further obtained and analyzed (§2.4 and Fig. 8). However,
such studies will require a large galaxy sample with reliable
morphological measurements, and thus deep HST (or future
JWST and WFIRST ) imaging over much larger fields than
CANDELS is needed.
Since our results indicate that SMBHs grow in lockstep
with host-galaxy bulges, we also expect a strong connec-
tion between BHAR and bulge SFR for systems that have
both bulge and disk components (§4.1 and §4.3). Future
ALMA observations could study the BHAR-bulge SFR con-
nection among these systems. ALMA can cover FIR wave-
lengths down to observed-frame 300 µm, corresponding to
the typical SED-peak wavelength (≈ 100 µm, rest-frame) of
cold-dust emission of galaxies at z ≈ 2. Therefore, IR lumi-
nosities and thereby FIR-based SFR can be reliably esti-
mated for these systems with ALMA. Since ALMA can reach
HST -like resolutions, it should be able to separate reliably
bulge SFR from total SFR. The strong BHAR-SFR connec-
tion among bulge-dominated galaxies might be physically
driven by the amount of cold gas available (see §4.1). To
test this idea, one could compare the gas masses of high-SFR
vs. low-SFR bulge-dominated galaxies with observations by
ALMA. ALMA could measure gas masses by observing the
CO lines. ALMA could also observe the Rayleigh–Jeans tail
of cold dust emission (≈ 500 µm, rest-frame), which is a re-
liable tracer of dust masses (e.g. Scoville et al. 2017). Gas
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Table A1. p-values (significances) of partial-correlation analyses
for all galaxies.
All; z = 0.5–1.5
Relation Pearson Spearman
BHAR-M? 10−5.3 (4.6σ) 10−2.8 (3.1σ)
BHAR-SFR 10−2.5 (2.9σ) 0.03 (2.2σ)
All; z = 1.5–3.0
Relation Pearson Spearman
BHAR-M? 10−4.4 (4.1σ) 10−3.0 (3.3σ)
BHAR-SFR 10−2.0 (2.6σ) 0.04 (2.1σ)
masses can then be estimated from dust masses with the as-
sumption of a typical dust-to-gas ratio, although uncertain-
ties inevitably exist in this conversion (e.g. Simpson et al.
2015).
APPENDIX A: RESULTS FOR ALL GALAXIES
In this appendix, we perform analyses like those in §3 for all
galaxies with H < 24.5, including both the bulge-dominated
and comparison samples grouped together. The results are
presented in Figs. A1, A2, and A3, and Tab. A1. In Fig. A2,
we also compare the BHAR-M? relation with that derived
in Yang et al. (2018a). The BHAR-M? relation in this work
agrees with the results of Yang et al. (2018a).
From Tab. A1, BHAR is more strongly related to M?
than SFR. This is expected, because the comparison sample
is the numerically dominant galaxy population (see §2.3) and
BHAR is mainly related to M? for the comparison sample, es-
pecially at z = 1.5–3.0. This conclusion is also qualitatively
consistent with Yang et al. (2017), although their statisti-
cal significances of the BHAR-M? relation are higher than
those in Tab. A1. We attribute this difference to the fact
that the dynamic range of M? probed in Yang et al. (2017)
is much wider than that in this work (logM? ≈ 8–11 vs.
logM? ≈ 10–11), since here we require H < 24.5 to ensure
high-quality morphological information for all galaxies. The
narrower dynamic range also results in smaller sample sizes,
leading to the relatively large statistical scatter in Figs. A1
and A2 (compared to Figs. 4 and 5 in Yang et al. 2017).
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